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Abstract

In this work, ionic liquid modified F®,@dopamine/graphene oxide/
p-cyclodextrin  (ILs-FeO.@DA/GO/3-CD) was used as supporting material to
synthesize surface molecularly imprinted polymevi®) which then was introduced
into chemiluminescence (CL) to achieve an ultraisersand selective biosensor for
determination of lysozyme (Lys). ILs anfiCD was applied to provide multiple
binding sites to prepare Lys SMIP and®g@DA was designed to make the product
separate easily and prevent the aggregation of Gi@hwcould improve absorption
capacity for its large specific surface area. The-HFeO,@DA/GO/3-CD-SMIP
showed high adsorption capacit®<101 mg/g) to Lys in the adsorption isotherm
assays. The adsorption equilibrium was reached irwithO min for all the
concentrations, attributing to the binding sitdsatied exclusively at the surface, and
the adsorption model followed Langmuir isothermdenthe suitable CL conditions,
the proposed biosensor could response Lys linéarlge range of 1.0 x 10- 8.0 x
10® mg/mL with a detection limit of 3.0 x 8 mg/mL. When used in practical
samples in determination of Lys, the efficient leiosor exhibited excellent result with

the recoveries ranging from 94% t0112%.
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1 Introduction

Lysozyme (Lys), widely distributed in body tissuasd secretion, was widely
applied in food industry as preservative, media&atment and so on for its
bactericidal properties, lytic activation and lowlecular weight [1-2]. Hence, the
detection of Lys was of considerable importance T3lere were many methods for
determination of Lys containing fluorescence resoea energy transfer [4],
aptamer-based biosensor [5], fluorescence [6],treleltemical biosensor [7], and
Fe0.@SiO@MIPs based CL [8]. Though those methods couldroffecurate
determination results, some of them were trappetbwn selectivity or sensitivity.
Chemiluminescence (CL) has attracted consideratidmtaon [9-10] because of its
high sensitivity, convenient operation, and had wsw high efficiency in
determination field.

Molecularly imprinted polymers, with antibody-likeinding properties, have
shown great promise in molecular sensing [11] afgbebing [12]. But the eluting of
template in imprinting biomacromolecule was incoetelin traditional imprinting
technique. Surface molecularly imprinted polymeM(B) emerged as the times
require [13]. The greatly improved mass transfet promoted rate of removal of the
biomolecule was for the imprinting sites which ated at the surface or close to the
surface of the polymer, enabling easy access ttatiget biomacromolecule [14].

lonic liquids (ILs) were consisted of ions, and geally composed of organic
cations and organic or inorganic anions [15]. Aslyeéan 1914, the first ionic
liquid-nitro ethylamine was found [16]. The merdkILs, such as low melting point,

good thermal stability, moisture stable and hydrolyesistance, made the research of



ILs worldwide upsurge, containing development apgliaation [17, 18]. As a new
kind of environmentally friendly material, ILs h&d@en widely utilized in many fields
[19, 20]. Recently, the general trend was thatvias used as the functional monomer
for preparation of MIP. Yan [21] synthesized ioriquid molecularly imprinted
polymers (ILs-MIP) for application in pipette-tipled-phase extraction. IL-MIP as
adsorbent yielded higher recovery and improvedfipation efficiency than Si, Nk
Cis and AbOs-N. A novel electrochemical 4-nonyl-phenol sensdhvow detection
limit based on molecularly imprinted poly (o-phesy&diamine-co-o-toluidine)
nitrogen doped graphene nanoribbons ionic liquichpasite film was proposed by
Pan [22]. Fan used the specific ionic liquid as fiomal monomer to prepare MIP via
precipitation polymerization, which showed a goe@destivity and high adsorption
capacity for synephrine from methanol-water me@i3].[ The introduction of ILs in
the preparation of MIP made the polymer performermxcellent properties.

Over the years, with various chemically reactiveups such as hydroxyl groups
on the basal plane as well as carboxylic acid ggaalpng the sheet edge, graphene
oxide (GO) has attracted worldwide attention [Zsed on the large surface area
and good process ability, ILs/GO has attractedemsing interest in many significant
fields [25-27]. Recently, of the numerous oxygemaming functional groups
available to form hydrogen bond when synthesiziMJFS -CD was widely used as
functional molecules [28]. Due to its easy preparmaiand good biocompatibility,
Fe;0. nanoparticles (NPs) were one of the most potentiaterials and have been
widely applied in many fields [29]. Xu promised hobapplications of E®; NPs by
anchoring dopamine (E@s@DA) to immobilize functional molecules on the swé
of FeO4 NPs [30]. DA could not only prevent the aggregaid FeO, dispersion but

also reduce the toxicity and oxidation of ;8¢ On the other handDA possessed



abundant hydroxyl and amino groups that could leel disr further modification.

In this study, a new material ILs-¥&@DA/GO/-CD was synthesized. In the
new material, F#,@ DA was used to make the polymer separate easdyGO and
S-CD were introduced to serve as backbone matendirmprove the mass transfer as
functional monomer in the preparation of SMIP. Then
ILs-FesO,@DA/GO/5-CD-SMIP  exhibited excellent recognition and ad$orp
ability to Lys owing to the imprinting cavities séted at the surface of the material’s
surface. Finally, an ultrasensitive and selectitebi®sensor for determination of Lys

was proposed based on ILs;8g@DA/GO/-CD-SMIP.
2 Experiments

2.1 Chemicalsand materials

Lys, p-cyclodextrin f-CD, 96%), and Ammonium persulphate (APS, AR)
were supplied by Sinopharm Chemical Reagent Co. L{€hina);
3-Bromopropylamine hydrobromide (79%), N,N,N',Nfréenethyl ethylenediamine
(TEMED, A.R), Dimethylaminoethyl acrylate (DMAEMA, 99%), and
4-Amino-5-imidazolecarboxamide hydrochloride (98%yere purchased from
Aladdin Industrial Co. (China); Potassium permaragan Acetic acid, Methanol,
Luminol and all the other chemicals unless spetifiere of analytical reagent grade
and used without further purification. Phosphat#dsusolution (PBS, pH = 6.5, 0.01
mol/L) solution was used in all the experiment atated in refrigerator (4°C).
2.2 Appar atus

The IFFM-E flow injection CL analyser (Xi'an RemdXectronic instrument
High-Tech Ltd., China) was equipped with an auteeatjection system and a
detection system. A certain amount of ILsGg®DA/GO/S-CD-SMIP and non-

imprinting polymer (ILs-Fg0.@DA/GO/3-CD-SNIP) was placed in front of the CL
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analyser shown in Fig 1. XRD measurement was mada D8 focus spectrometer
(Brooke AXS, Germany). The morphology of nanopéticwas analyzed with a

scanning electron microscope (SEM, GUANTA FEG Z5ferica).
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Fig. 1 Schematic diagram of Lys ILs-g@,@DA/GO/3-CD -SMIP-CL biosensor

2.3 Preparation of Fe;0,@DA/GO

GO was prepared from nature graphite powders byodifrad Hummers
method and our group [31]. Briefly, 100 mL ot$0Dswas added into a 500 mL
flask followed by adding 3.0 g of graphite powd&hen, 15 g of KMn@was
subsequently added. The diluted suspension wasedstmt 98°C, followed by
addition of 30% HO2. Finally, the mixture was filtered and washedttik pH = 7.0.
Fe;0,@DA/GO was synthesized according to a modified gaoce in our group and
previous literatures [30, 31]. By suspending 0.55@ in 200 mL of solution
containing 1.7 g (NkE2Fe(SQ)2:6H0 and 2.51 g NkFe(SQ)2:-12H0 under N
atmosphere, the solution was sonicated. Then, 10fr& mol/L NH\OH aqueous
solutions was added till the pH = 11.5. Then, 5anktic acid was injected into the
solution and the black precipitation was separatgd an external magnetic field,
and washed, and then dried. Subsequently, 50 nupgdémine hydrochloride was
dissolved in 200 mL pH = 4.0 solution. 50 mg asppred nanopatrticles was then

added and stirred. E@,@DA/GO was collected, washed with water, and dried.



2.4 Prepar ation of Fes0,@DA/GO/p-CD

By suspending 0.2 g of chitosan in 40 mL of 2% iacatid by ultrasonication,
0.1 g FeO,@DA/GO and 80 mg-CD were added to the molten chitosan colloidal
solution, and stirred for 1 h. 30 mL NHLO and 1mL hydrazine hydrate was added in
above solution by stirring. Then, 6 mL 25% glutdeddyde was added to the mixed
solution. After the solution was stirred, 1 moltdsum hydroxide was added till the
pH=10.5. The reaction was carried out under comstaechanical stirring. The
precipitate was isolated in the magnetic field aradhed with water and isolated by a
permanent magnet. The obtained composites weredtieshunder vacuum.
2.5 Preparation of ILs-Fe;0,@DA/GO/B-CD

1.6258 g 4-amino-5-imidazolecarboxamide was addediOt mL of anhydrous
ethanol. Then, 2.1892 g 3-bromopropylamine hydrotide was dissolved in 20 mL
of anhydrous ethanol and was added dropwise wighpttotection of W Viscous
liquid was collected by suction filtration and vaou drying. Subsequently, 1 mL of
ILs dissolved in methanol was well-distributed i001mg FeO,@DA/GO/-CD
dissolved in anhydrous methanol. After agitatitwe, product was separated and dried.
2.6 Preparation of ILs-Fes0,@DA/GO/B-CD-SMIP

ILs-FesO,@DA/GOB-CD-SMIP was synthesized according to a modified
procedure described in our work and previous litesa [32], and the preparing
process as presented in Fig. 2. The preparing gsoaas shown in Fig. 2. MA (32
mg) and DMAEMA (0.2 mL) were dissolved in PBS s@uatand mixed thoroughly.
32 mg of Lys was dissolved to the solution by wraication. Then, 150 mg
ILs-Fe;0,@DA/GOJB-CD dispersed in 15 mL ethanol and 5 mL PBS salutias
added into above solution. Subsequently, the smlutias shaked to preassemble. By

adding 30 mg of APS and 0.4 mL TEMED to the mixtupelymerization was



initiated and continued. After the polymerizatidhe Lys-imprinting particles were
collected. The particles were washed with water #rah repeatedly with certain
concentration of NaCl solution. Finally, they wewmashed with PBS solution. The
ILs-Fe;0,@DA/GOB-CD-SMIP was dried for further use. The
ILs-Fe;0,@DA/GO/B-CD-SNIP was prepared by adding PBS solution imsteays

solution while the other steps were the same.

® " 4
‘ 'Fe3O4@DA B-CD

GO Fe304@DA/GO Fe304@DA/GO/B-CD

N—r ILs

ILs-Fe3O4@DA/GO/B-CD-SMIP ILs-Fe3O4@DA/GO/B-CD

Fig.2. The preparing process of Lys ILs;Pe@DA/GO/3-CD-SMIP
2.7 Adsorbing performance of |ILsFe;0,@DA/GO/p-CD-SMIP  and
ILs-Fes0,@DA/GO/B-CD-SNIP

Adsorption experiments: 50 mg ILs&@DA/GO/-CD-SMIP  and
ILs-Fe0,@DA/GO/B-CD-SNIP nanoparticles were placed into 5 mL céunge tubes,
respectively. Then, 2.0 mL of different concentratsolution of Lys was added into
the tube and the dispersion liquid was shaked.rAparation, the concentration of
the supernatant in the tube was determined by Gttument. Rebinding dynamics:
50 mg ILs-FeO,@DA/GO/5-CD-SMIP and ILs-FgO,@DA/GO/3-CD-SNIP NPs
were dispersed in 2.0 mL 2.0 mg/mL Lys solutionathihen was shaked for 1 min, 5
min, 10 min, 15 min, 20 min, 25 min and 30 min exdfvely. After separation, the

concentration of the supernatant in the tube wéesrgiéned by CL instrument.



The amount of Lys adsorbed by the particles wasutated by formula (1).

0= (eg —ce)V
m (1)

Where Q (mg/g) was the mass of Lys adsorbed by unit mésdrpo particles,cy

(mg/mL) andc. (mg/mL) were the concentrations of Lys in theialitand final

solutions, respectivelyy (mL) was the volume of the adsorption mixture, am¢g)

was the mass of the ILs-§&@DA/GO/3-CD-SMIP.
3 Resultsand discussion

3.1 Characterization of |1 Ls-Fe;0,@DA/GO/f-CD-SMIP

The results of SEM characterization of the prepat@@ nanosheets and
Fe;0.@DA/GO nanoparticles were shown in Fig. 3. The lsgsized GO nanosheets
(Fig. 3 A) had lateral dimensions of several micetens and large surface areas, and
the straticulate single layered GO was formed witimkle in the edge exactly. From
the SEM image (Fig. 3 B) of the #&@DA/GO nanopatrticles, it could be seen
clearly that GO sheets were the matrix of;G&DA nanoparticles and the
Fe;0,@DA nanoparticles were disorderly distributed oa #surface of GO, and no
wrinkles were observed on the surface of the GOpumite, which confirmed that the
loading of FeO,@DA was important for preventing aggregation of @&.shown in
Fig. 3 C, the morphology of ILs-E@,@DA/GO/3-CD-SMIP was observed, where a
regularly rough imprinting polymer overlayed on thesurface of
ILs-Fes0,@DA/GO3-CD. The greatly different surface appearance oflFSknd

SNIP confirmed the successful fabrication of SMIP.



Fig.3. The SEM images of GO (A), E@;@DA/GO nanoparticles (B),
ILs-Fe;0,@DA/GOJ3-CD-SMIP (C) and ILs-F,@DA/GO/3-CD-SNIP (D)

3.2 Adsorption performance of ILsFesO,@DA/GO/B-CD-SMIP  and
ILsFe;04,@DA/GO/B-CD-SNIP

Fig. 4 clearly showed the adsorption capacity ofs Lynto the
ILs-Fe;0,@DA/GO/3-CD-SMIP. Batch adsorption experiments (Fig. 4 l)general,
the adsorption process was dependent on the ihisl concentrations. With the
increase in initial concentration from 0.1 to 2.@/mL, the amount of Lys adsorbed
increased evidently. And with the increase in thigial concentration, the driving
force of concentration gradient to overcome the sneansfer resistance of the Lys
molecules between the aqueous phases and thephalsgs increased. As a result, the
absorption ability of ILs-F€,@DA/GO/S-CD-SMIP was found to be 101 mg/g.
Rebinding kinetics (Fig. 4 B): On the other harud,the adequate free adsorptive sites
and a high concentration of Lys, the adsorptiorcgealed rapidly with the contact
time. Thereafter, the adsorption rates were coraldy slowly and equilibrium was
reached within 10 min for all the concentrationttritauting to the binding sites

situated exclusively at the surface.
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Fig.4. Adsorption isotherm curves (A), kinetics curve$, (Bangmuir adsorption isotherm fit (C)
and Freundlich adsorption isotherm fit (D) of ILe;8,@DA/GO/3-CD-SMIP

The Langmuir and Freundlich equations were usednfodeling adsorption
isotherms, respectively. As shown in Fig. 4 C De tmear fitting curves of the
Langmuir and Freundlich models indicated that ttedmuir isotherm was more
appropriate than the Freundlich model for the nedastandard deviation values. The
results revealed that the energy on the surfackFe;0,@DA/GOJS-CD-SMIP
was the same and correspondingly adsorption pragassnainly monolayer uniform
adsorption. Therefore, it certificated that the imfing cavies were on the surface of
ILs-Fe;0,@DA/GOB-CD-SMIP, which enabled easy access to the Lys.

3.3 Extraction condition and adsor ption pH

Extraction condition: To reuse the ILssER@DA/GOJ-CD-SMIP, a washing
step was required to remove the Lys without desgrlihe imprinted cavities in
ILs-FesO,@DA/GO5-CD-SMIP.  For the

large number of complex matrix

components in the biological samples, different cemtrations of NaCl were
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evaluated as washing solvent to obtain better pneentration efficiency. Fig 5 (A)
showed that ILs-F©,@DA/GO/-CD-SMIP exhibited a higher binding capacity
toward template when the NaCl concentration wad @@l/L. Thus, Lys could be
efficiently eluted off ILs-FgO,@DA/GO/3-CD-SMIP with 0.04 mol/L of NaCl.
Adsorption pH: As rebinding solution, pH of PBS@n was studied over the
range of 6.0-7.5 and the results was shown in Ki8)5It showed that when pH = 6.5,
the amount of Lys adsorbed on ILs;6e@DA/GO/-CD-SMIP reached maximum
with a significant decrease at lower or higher @tues. The reason maybe was that
the primary driving forces for the rebinding pragesuch as hydrogen, electrostatic
and hydrophobic bonding, were strongly relatechibnization states of amino acid
side chains and the conformational state of Lysewmwdes which might be more

suitable for the imprinted cavities when pH=6.5][32
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Fig.5. Effect of concentration of NaCl on the extractiongess (A) and the effect of pH of
phosphate buffer on the adsorption process (B)

3.4 Optimization of analytical conditionsthe CL biosensor

The adsorption time which depended on peristaliosnps speed was an
important parameter for the amount of Lys in thdutsan or absorbed on the
ILs-Fes0,@DA/GO/5-CD-SMIP. When pumps speed was too high, Lys mddscu
could not be absorbed by ILsJ&@DA/GO/-CD-SMIP completely. And when

11



pumps speed was too low, the other substance isatmples would be absorbed by
ILs-Fe;0,@DA/GOB-CD-SMIP. Thus, 30 rpm for main pump speed and2b for
vice pump speed were optimized between 20-40 rprfufther work.

The concentrations of NaOH, luminol and[Re(CN)] would affect the CL
intensity, and were chosen as showed in Fig. 6 ABQvhich, Al was the CL signal
difference between the solution containing Lys &mal blank solution. As could be
seen that the maximum CL intensity could be obthia¢ the concentration of
Ks[Fe(CN)]: 2.0 x 10° mol/L, NaOH: 0.1 mol/L, and luminol: 3.0 x Pomol/L

simultaneously.
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Fig.6. Optimization results: Effect of Fe(CN)] (A), NaOH (B) and luminol (C) concentration
on CL intensity; Regression equation of the ILs&@DA/GO/-CD-SMIP-CL biosensor (D)
3.5 Analytical performance of |Ls-Fes0,@DA/GO/B-CD-SMIP-CL biosensor
In this work, with the addition of Lys into the lumol, K3[Fe(CN)] and NaOH
solutions, an amplified CL signal was observed. Eoifavorable characteristics of

high selectivity and stability, ILs-E®,@DA/GO/3-CD-SMIP could contribute to
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higher accuracy and lower detection limit for teenplate-monomer complex [33].
Under the optimal experimental conditions describbdve ¢(NaOH) = 0.1 mol/L,
c(luminol) = 3.0 x 1¢ mol/L andc(Ks[Fe(CN)]) = 2.0 x 10° mol/L), the amplified
CL intensity presented a good linearity with thex@entration of Lys in the range of
1.0 x 10° - 8.0 x 1 mg/mL with a detection limit of 3.0 x 8 mg/mL (3) which
was compared with traditional methods shown in Taénd the results were satisfied.
The regression equation shown in Fig. 6 D was diyithto two parts: (1.0 x 10-
1.0 x 10° mg/mL) Al = 2708 - 269 x 10c (c: mg/mL) with a correlation coefficient
of 0.9912 and (1.0 x T0- 8.0 x 16 mg/mL) Al = 151 - 1.1 x 19c (c: mg/mL) with

a correlation coefficient of 0.9915.

Tab.1. Comparing results with conventional methods

Methods Liner Range (mg/mL) Detection Limit (mg/mL)

Our work 1.0x10-8.0 x 10° 3.0 x 10"

Fluorescence resonance energy

transfer [4] 0-39.7 x Id 0.80 x 10°
Aptamer-Based Biosensors [5] 0.5 x*160 x 10° 0.2 x10°
Fluorescence [6] 0 x 10 15x 10° 2.86 x 10
Electrochemical biosensor [7] 5x901.0 x 10 1.5 x10°
Fe0,@Si0@MIPs-CL [8] 5 x 10- 2.0 x 10° 5 x 10°

3.6 Selectivity studies of the biosensor

Fig. 7 A showed the adsorption capacities of the
ILs-Fe;0,@DA/GO-CD-SMIP and ILs-FgO,@DA/GOJ-CD-SNIP  particles to
four proteins in PBS solutions and some other aratid such as tryptophan, cysteine
and fydroxyproline. Compared with both ILssBa@DA/GO/-CD-SMIP and
ILs-Fe;0,@DA/GO/3-CD-SNIP particles, the imprinted particles exrebit much

higher binding amounts for Lys. To evaluate theslity of the imprinted biosensor,
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different analytes with increasing amounts wereeddith standard Lys solution
involving Horseradish Peroxidase (HRP), bovine seralbumin (BSA), bovine
hemoglobin (BHb), Uric Acid, Lemon Acid, &a Hydroxyproline and ribonuclease A
(RNase A), respectively. In the CL system, 50 tirB&A concentration (compared
with Lys) interfered with the determination of Lydut when using

ILs-Fe;0,@DA/GO/B-CD-SMIP, 100 times BSAoncentration would interfere with
the determination of Lys for the imprinting cavitievhich were suitable for
macromolecule and could recognize and absorb Lyscifsgally. Similarly,

interferences from HRP, Uric Acid, Lemon Acid, <aHydroxyproline, RNase A and

BHb, which were existed in human urine, were ingeséd and shown in Fig. 7 B.

20
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Fig.7. Binding amounts of different proteins on the imped particles (A); Interferences study of
the ILs-FgO,@DA/GO/B-CD-SMIP-CL bhiosensor (B)

3.7 Reusability of the IL s-Fe;0,@DA/GO/p-CD-SM 1P

Under the extraction condition, Lys in ILs48a@DA/GO/-CD-SMIP was
extracted for adsorption again. The adsorption @éapa of used
ILs-Fe;0,@DA/GO/3-CD-SMIP could be obtained and then compared wité t
adsorption capacity of ILs-E@,@DA/GOJ-CD-SMIP before any use. The result
showed that there was 10% adsorption capacity logéhin 4 times of

ILs-Fe;0,@DA/GO/3-CD-SMIP to the concentration of 1.0 x 4fg/mL Lys, which
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powerfully demonstrated that the ILssBa@DA/GOJ-CD-SMIP was excellently
reusable in the detection of Lys.
3.8 Application of the IL s-Fe;04,@DA/GO/B-CD-SMIP-CL biosensor

In this study, the feasibility of the biosensor farman urine applications was
investigated as shown in Tab.2. Under optimal d@rpantal conditions, the recoveries
ranged from 94% to 112%. Obviously, these resuteevgatisfactory and showed that
the biosensor was precise with good accuracy. Torvexeit was entirely feasible to
say that the efficient ILs-E©,@DA/GO/3-CD-SMIP-CL biosensor could be used in
the detection of Lys in human urine.

Tab.2. Assay of Lys in human urine by means of ILs®&gDA/GO/3-CD-SMIP-CL biosensor

Found in Found amount
Added amount
Sample serum (10° (n=6) RSD% Recovery (%)
(10° mg/mL)
mg/mL) (10° mg/mL)
Urine 1 3.5 25 6.2 4.5 108
5.0 8.2 4.7 94
Urine 2 3.7 25 6.5 4.3 112
5.0 8.8 3.9 102
4 Conclusion

In this work, a sensitive and selective CL bioserisothe determination of Lys
was achieved based on ILs;Ee@DA/GO/3-CD-SMIP. ILs ang3-CD was applied to
provide multiple binding sites to prepare Lys SMiRd FgO,@DA was designed to
make the product separate easily and prevent theegation of GO which could
improve absorption capacity for its large specifisurface area. The
ILs-Fe;O,@DA/GOB-CD-SMIP showed high adsorption capacity to Lys tire
adsorption isotherm assays. One of the most impiocansiderations of the efficient
biosensor was a profound understanding of appdicatif multifunctional material,
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which imparted specific analytical performancehe biosensor, as well as to improve
the reusability and mechanical stability. At themsa time, the efficient
ILs-Fe;0,@DA/GOB-CD-SMIP-CL biosensor exhibited excellent ultra si@wity,
selectivity and accuracy when used to determindrLysactical samples.
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*

A CL biosensor for Lys was obtained coupled with SMIP based on
ILs-FesO,@DA/GO/B-CD

Absorption capacity of ILs-Fes0,@DA/GO/f-CD-SMIPto Lys reached up to 101
mg/g

The adsorption equilibrium was reached within 10 min

Adsorption model followed Langmuir isotherm

The CL system was luminol, K3[Fe(CN)g] and NaOH solutions



